This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 



BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the 
original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problems Mailbox. 



1 



rtjA.ij i:^',u.u II \L I'rtUPLRn ORGANIZATION 
International Bureau 



INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 5 : 
G21B 1/00 



Al 



(11) International Publication Number: WO 90/10935 

(43) International Publication Date: 20 September 1990 (20.09.90) 



(21) International Application Number: PCT/US90/01 328 

(22) International Filing Date: 12 March 1990(12.03.90) 




(30) Priority data: 
323.513 
326,693 
335.233 
338.879 
339.646 
346,079 
352,478 



13 March 1989(13.03.89) US 
21 March 1989 (2 K03.89) US 
10 April 1989(10.04.89) US 

14 April 1989(14.04.89) US 
18 April 1989(18.04.89) US 
2 May 1989 (02.05.89) US 
16 May 1989(16.05.89) US 



Applicant (for all designated Stales except US): THE UNI- 
VERSITY OF UTAH [US/US]; 295 Chipeta Way, Suite 
280. Salt Lake City, UT 84108 (US). 

(72) Inventors ; and 

(75) Inventors/Applicants (for US onlv) : PONS. Stanley [US/ 
USJ; 2125 South Yuma, Salt Lake City, UT 89019 (US). 
FLEISCHMANN. Martin [GB/GB); Bury Lodge, Duck 
Street, Tisburv, Wiltshire SP3 6U (GB). WALLING, 
Cheves, T. [US/USJ; 2784 Blue Spruce Drive, Salt Lake 
City, UT 84103 (US). SIMONS. John, P. [US/USJ; 834 
16th Avenue, Salt Lake City, UT 84103 (US). 



(74) Agent: AUCHTERLONIE. Richard, C; Arnold. White & 
Durkee, P.O. Box 4433. Houston, TX 77210 (US). 

(81) Designated States: AT, AT (European patent), AU, BB. BE 
(European patent), BF (OAPI patent), BG, BJ (OAPI 
patent), BR, CA, CF (OAPI patent). CG (OAPI patent). 
CH. CH (European patent), CM (OAPI patent). DE, 
DE (European patent), DK, DK (European patent), ES. 
ES (European patent), FI, FR (European patent), GA 
(OAPI patent). GB, GB (European patent), HU, IT (Eu- 
ropean patent), JP. KP, KR, LK, LU. LU (European pa- 
tent), MC, MG, ML (OAPI patent). MR (OAPI patent). 
MW, NL, NL (European patent), NO, RO, SD, SE. SE 
(European patent). SN (OAPI patent), SU, TD (OAPI 
patent), TG (OAPI patent), US. 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 



amendments. 



e 



3 



9 ' A 



(54) Title: METHOD AND APPARATUS FOR POWER GENERATION 





2U 



-v; -t 




(57) Abstract 



of P^^nt invention involves an appararus and method for generating energy, neutrons, tritium or heat as a specific form/ 

oi energy. The apparatus comprises a material such as a metal having a lattice structure capable of accumulating isotopic hydrog/ 
en atoms and means Tor accumulating isoiopic hydrogen atoms in the metal to a chemical potential sufficient to induce the ger 
eration of the specified items. The sufficient chemical potential is. for example, enough to induce generation of an amount of he' 
grea er than a joule-hcjt equix alent used in accumulating the tsoiopic h>drogen atoms in the lattice structure to the desired cher' 
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METHOD AND APPARATUS FOR POWEP -C^SN^RATION 



The present invention is a continuation-in-part of 
co-pending U.S. patent applications for: "Heat- 
Generating Method and Apparatus", Serial No. 323,513, 
filed March 13, 1989; "Neutron-Beam Method and 
Apparatus", Serial No. 326,693, filed March 21, 1989; 
"Heat Generating Method and Apparatus", Serial No. 
335,233, filed April 10, 1989; "Heat Generating Method 
and Apparatus", Serial No. 338,879, filed April 14, 1989; 
"Power Generating Method and Apparatus", Serial No. 
339,646, filed April 18, 1989; "Power Generating Method 
and Apparatus", Serial No. 346,079, filed May 2, 1989; 
and "Power Generating Method and Apparatus", Serial No. 
352,478, filed May 16, 1989, which are incorporated 
herein by reference. 

The present invention relates to methods and 
apparatuses for generating heat, neutrons, tritium or 
electrical power, and in one illustration, to an 
apparatus which utilizes heat produced by compressing low 
atomic weight nuclei in a metal lattice under conditions 
which produce excess heat, possibly involving nuclear 
fusion. 

An ideal energy source, and one which has been the 
subject of intensive scientific investigation and search 
over at least the past thirty years, would have the 
following properties: 

(a) the source would utilize deuterium, which is 
available in a virtually inexhaustible amount 
from the oceans; 

(b) The source would produce relatively benign and 



short-lived reaction products; 
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(c) The source would produce substantially more 
energy, e.g. i n the form of heat, than the 
energy input into the system; and 

(d) The source could be constructed on a relatively 
small, even portable scale. 

Heretofore, no one energy source has come close to 
achieving these ideals. The possibility of converting 
deuterium to energy via nuclear fusion reactions in -a 
dense plasma, using either magnetic containment or 
inertial confinement to achieve the necessary plasma 
density, temperature, and confinement time needed for 
controlled plasma fusion, has been the subject of an 
intensive worldwide scientific effort. Despite this the 
possibility, of achieving controlled nuclear fusion in a 
high- temperature plasma appears to be years away. (See, 
for example, Technology Assessment Report) < 1 K 1 

In an alternative fusion approach, known as muon- 
catalyzed fusion, muons are used to "shield" the electric 
charge of nuclei (muons bind tightly to the hydrogen 
nucleus and neutralize its positive charge) . The nuclei 
are drawn close together because of the heavy mass of the 
muon, so fusion by tunneling can occur at a relatively 
low temperature. Thus many of the problems of high 
temperature plasma containment which have limited the 
success of the high-temperature plasma approach are 
avoided. However, due to the low numbers of fusion 
events during the lifetime of any given muon, it is 
unclear at this date whether the method can ever be 
developed to support a self-sustaining reaction. 



1 A listing of references for thp ro f«K»- 
35in this section are found at the end of SeSoTJ nUmerals 
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The present invention involves an apparatus and 
method for generating energy, neutrons, tritium and/or 
heat as a specific form of energy. The apparatus 
comprises a material such as a metal having a lattice 
structure capable of accumulating isotopic hydrogen atoms 
and means for accumulating isotopic hydrogen atoms in the 
metal to a chemical potential sufficient to induce the 
generation of one or more forms of the previously noted 
energy. 

The sufficient chemical potential is, for example, 
enough to induce generation of an amount of heat greater 
than a joule-heat equivalent used in accumulating the 
isotopic hydrogen atoms in the lattice structure to the 
desired chemical potential. 

A preferred metal is one of group VIII or group 
IVA, palladium being most preferred, other preferred 
metals include iron, cobalt, nickel, ruthenium, rhodium, 
osmium, iridium, titanium, zirconium, hafnium or alloys 
thereof . 

During the operation of the apparatus of the 
invention, the charged lattice emits occasional bursts of 
neutrons, and/or undergoes short-duration periods of 
exceptional heat output. These observations suggest that 
heat-generating fusion events occurring within the 
lattice may include nuclear chain reactions which may be 
stimulated by high-energy particles or rays within or 
applied to the lattice (such as are generated by fusion 
or other nuclear reactions occurring within the lattice) . 
Therefore, one aspect of the present invention involves 
stimulating or enhancing nuclear reactions in the lattice 
by exciting or bombarding the charged lattice with high 
energy rays or particles such as r rays, a or 0 
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particles, hi gh energy or therma filed neutrons, or high 
energy protons. gn 



fluid 0 n the apparatus includes a 

fluid comprising an isotopic hydrogen atom source, and 

producing isot °^ .t« said 

source to accumulate in the metal lattice. A preferred 

x.otep lc hydrogen source is deuterated water. 

»ay he an aq ueous solution comprising at least 'one w ater - 

S a C t las 1 ;": 0 hydr ° 9Sn ~ ' - 

and th ^ ^ SUbmer9ed " the "lution 

and the means for accumulating includes a charge- 

generating source for electronically decomposing the 
so v ent component into adsorbed isotopic I 

with accumulation of the adsorb < *. • 

in the metal lattice. at °* S 

The apparatus of the present invention may be used 
f generating electricity by use of heat produced a 

Means 7\ ^ """^ " deration. 
Means for transforming heat produced in said lattice 

structure to electrical energy include electrical 

generators such as steam turbines, semiconductor 

thermoelectric devices and thermionic emitters. 

A thermal neutron beam may also be generated by such 
an apparatus. T his would involve a reactor 
metal having a crystal lattice structure ^ 
accumulating isotopic hydrogen atoms and which has 
isotopic hydrogen atoms accumulated i n its lattice 
structure to a chemical potential sufficient to induce 

eutron-generating events, as evidenced by the production 
o. thermal neutrons, said chemical potential being at 
least about 0.5 eV when compared to a chemical potential 
of isotopic hydrogen atoms in the metal lattice 
equilibrated with the ectopic hydrogen at standard 
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pressure; and means such as a diverge*-. f^ffeutron 
collimator, for example, for collimating at least a 
portion of the thermal neutrons produced in the reactor 
into a thermal neutron beam. Thermal neutron radiography 
of a target material may also be performed, using 
recording means positioned to receive neutrons which pass 
through target material in the thermal neutron beam. 
Recording means includes a convertor to capture neutrons 
and emit capture-dependent radiation, and a film 
sensitive to said radiation. Neutron capture gamma-ray 
spectroscopy of a target material, may also be used by 
including means for measuring gamma-ray spectra produced 
upon neutron capture by the material. Neutron scattering 
analysis of a target material, which includes a neutron 
detector for measuring distribution of scattered neutrons 
at angles different from that of the beam directed as to 
the target material is also an aspect of the present 
invention. 



The apparatus of the present invention may be in an 
arrangement where said metal is formed as a series of 
stacked membranes in an electrolytic cell, where pairs of 
membranes partition the cell into a series of closed 
electrolytic compartments. 

Where the charge-generating source is electrolytic, 
the metal is a cathode and the electrolytic decomposing 
is carried out preferably at a current of 2-2000 mA cm" 2 
of cathode surface area, although higher current levels 
up to about 10,000 mA cm -2 and even higher can be used in 
certain applications. 

In certain embodiments the fluid with the isotopic 
hydrogen atom source may comprise a catalytic poison 
effective to block catalytic evolution of gases 
consisting of hydrogen isotopes. The fluid may also 
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comprise lithium deuteroxide ■[ ■ . 

sulfate. o.l M to about 1 . 0 M lithium 



The isotopic hydrogen atom source may also h 
-re fused Be tal i sot opic hydrides, m.^ '"J"™ °' 
accumulation then including • Producing 

of the material or metaT "* " miXtU " 

CiidI or metal m particni fl f fl 

.i„a tio „ of lsotoplo hya „ gen J - - o ~ 

the particles of metal * n * source into 

this embodiment a preferred co™h • V " a =hed. ln 

prererred combination is with » •. 
of palladium, nickel, iron, cobalt or alloys ther T 
source of isotopic hydrogen atoms is fus ed Uthl 
aeuteride, sodium deuteride, potassium lut ^ ^ 
mixtures thereof. Prefers mo *K ^ uce nde or 

rter erred methods of h»H nn <-u 

With a high energy heat source under condition u 
Produce the chemical potential of at L ast lb , 
in less than about 1 „ second . ^ ^ 

The preferred apparatus of the preset ■ 
tritiated water. water, or 

In certain embodiments preferred metals include 
Palladium, rhodium, ruthenium, iridium, cobal !■ 
zirconium or aXloys containing fermionic iso ^ ^ 
these metals. The metal of the n reqpn , 
also be a composite of , „ ^l'"""' may 
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thin netal film upon said substrate of palladium, 
rhodium, ruthenium, iridium, zirconium, or alloys 
thereof. Alternatively, the metal may be a thin film 
layered on a composite of a substrate unable to 
accumulate isotopic hydrogen atoms to an extent inducing 
fusion reactions. Such a thin metal film has a preferred 
thickness of about 50-500 A, although thicker films might 
be suitable. 

Means for transforming heat to electricity include a 
steam-powered turbine or an electrical generator, and a 
heat transfer system for transferring heat from the heat 
source to a turbine or electrical generator. This means 
for transforming may also be a semiconductor 
thermoelectric device or utilize a thermionic emitter 
device . 

The present invention also includes methods of 
generating heat and neutrons, as well as producing 
electricity or performing work. These methods comprise 
the steps of: (a) contacting a material (preferably a 
group VIII or IV A metal) having a lattice structure 
capable of accumulating isotopic hydrogen atoms, with a 
fluid comprising an isotopic hydrogen atom source; and 
(b) inducing accumulation of isotopic hydrogen atoms in 
the lattice structure to achieve a concentration therein 
sufficient to cause heat or neutron generation. The 
achieved concentration of isotopic hydrogen atoms may be 
characterized by having a chemical potential of at least 
about 0.5 eV. The isotopic hydrogen atom source is at 
least one of water, deuterated water and tritiated water. 
In one preferred embodiment step (b) involves 
electrochemical decomposition of the isotopic hydrogen 
atom source and electrolytic compression of isotopic 
hydrogen atoms into the lattice structure. 
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a nd/ 0 R T ti0n byPr ° dUCts ' *ich 'can include tritium 
and/or tritiated gas, tritiated water and helium can be 
-covered by Known processes for commercial use as Cell 

emissions which - - — - • — 



further ' °' Pr ° dUCing el ~tricity, the method 

further comprises utilizing generated heat to generate 
elect riclty b y various weU _ known ^ / ^« 

SratThT; ^ meth0d """^ C ° nPris - -ili 2i ng 

StirUna Perf0rm W ° rk ' SUCh 35 by USe «* ^ 

Stirling engine, for example. 

Step (b) of these Bethodg . nvoive 
con d t lons induce isotopic W Put 

The e nerg y - a npu t conditions most preferably involve 
• -tr olysis with tne material acfcing ^ J °£ 

material is preferably a metal and the electrolysis is 

i" :iv r thode surface area ' ° r - ^ 

!mbL ' 35 lndiC3ted P-Viously. In a preferred 

pediment the material in the apparatus or method of 
the present invention is a metal which has been treated 
to remove surface and near-surface impurities which mlv 
inhibit capability of the metal to accumulate I p ' 

?z t - Th v etai may ais ° be — - 

atom Th PreViousl V ^sorbed hydrogen 

atom • The treating includes surface machining of the 
metal segment to remove a superficial „„ ■ 

to remove machining residue. The d Pn , • P 

degassing preferablv 
involves one or both of heatina ,nH ererably 
* n„^- t seating and exposure to at least 

a partial vacuum. J-easr 

As a method for Drodn^«« 
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generated neutrons into a neutron beam. As a method of 
neutron-beam analysis of a target material this method 
comprises the steps of: (d) collimating at least a 
portion of neutrons produced by the reactor to form a 
neutron beam; (e) directing the neutron beam at the 
target material; and (f) measuring physical events which 
are produced by directing the beam onto the material. 

Figure I-1A shows a cubic face-centered crystal 
structure in the lattice of a metal, such as palladium, 
used in the present invention; 

Figure I-1B shows the expanded beta form of the 
lattice, and diffusion of an isotopic hydrogen atom into 
the lattice; 

Figure 1-2 schematically shows one embodiment of an 
electrolytic cell for compressing isotopic hydrogen 
nuclei into che lattice of a metal rod; 

Figure 1-3 schematically shows an embodiment of an 
electrolytic cell having a bipolar cell stack in a cell- 
pressed configuration, for compressing isotopic hydrogen 
nuclei, such as deuterons, into the lattice of a metal; 

Figure 1-4 schematically illustrates an alternate 
method for achieving electrolytic compression of isotopic 
hydrogen atoms in a metal lattice; 

Figure 1-5 schematically illustrates a thin-film 
palladium electrode constructed for use in the invention; 

Figure 1-6 schematically illustrates a palladium 
coated electrode constructed for use in the invention; 
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Figure 1-8 is a scheniatic 
generator, which *«= steam driven 

vay to of but one 

present invention. deriVed froni th « 

recove^tmir^" 031 ^ iUUS — • — m for 

a -^^l^CZ^iz 1 ' scheraatic view - 

embodiment of the invention; t<5 ° M 

Figure li- 6 is a schematic 
apparatus designed for neutron d neut "n-bean, 
one embodiment of the invention" 10gr3Phy ' acco ^ing to 

Figure n-7 is a schemat 
apparatus designed for neutron scatt neutr °"-*eam 
analysis, according to ano^h Catterin 9 or diffraction 
invention; and " emb0din -t of the 

Figure li-e i s a schematic view of a n . 
apparatus designed f 0r neutron capture neUtr0n " beam 
spectroscopy, according to anoth ^~^Y 
invention; ^ emb °<*iment of the 

Figure in-i snoWs sinQ . „ 
calorimeter cell. 9 <=°<npartment vacuum Dewar 



Figure Iii- 2A shows 

a9ainSt ^ivanctat o.ciu.u™ 



figure III-2A shows a S chP»^ • 
for protection aoain^ „,,..._ feedback circuit 
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Figure III-2B shows a schematic of circuit for high 
stabilization of a regulated power supply used as a high 
output current galvanostat. 

Figure III-3A shows the temperature above bath vs. 
time (upper) and cell potential vs. time data (lower) for 
a 0.4 x 10 cm Pd rod in o.m LiOD solution. The applied 
current was 800 mA, the bath temperature was 29.87°C, and 
the estimated Q f was 0.158 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.45 x 10 6 s after the beginning of the 
experiment. 

Figure III-3B is the same as Figure III-3A except 
time of measurement approximately 0.89 x 10 6 s. Estimated 
Q / = 0.178 W. 

Figure III-3C is the same as Figure III-3A except 
time of measurement approximately 1.32 x 6 s. Estimated Q 
= 0.372 W. f 

Figure III-4A shows the temperature above bath vs. 
time (upper) and cell potential vs. time data (lower) for 
a 0.2 x 10 cm Pd rod in 0.1 M LiOD solution. The applied 
current was 800 mA, the bath temperature was 29.90°C and 
the estimated Q f was 0.736 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.28 x l0 6 s after the beginning of the 
experiment . 

Figure III-4B is the same as Figure III-4A except 
time of measurement approximately 0.54 x 10 6 s. Estimated 
Qf = 0.888W. 
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Figure IU-4C is the same as Figure 
time of ™e a su rement app r o X i mately J, ' J" 4A «*«Pt 
Q, = 1.534 W. ° S - Estimated 

Figure IH- 5A shows cell tefflperature 

upper, and cell potential vs. tirae (lov^l^T, 
0.4 x 1.25 cm Pd rod electrode ( Pl ° ts f °r a 

Current density 64 mA cm" ba , h " solution. 

y ^ mA cm , bath temperature 29. 8 7 8 c. 

Figure ui- 6A shows tne 

generation as a function of time for the cel l Lp" 
III-5A. e11 ln Figure 

Figure IH-6B shows the rate of excess enth i 
generation as . function of ^ ^J"^ 
III-5B. eil ln Figure 

Figure in- 7A shows total soecifir- 
-put « . functio „ „ f ti „ e f ' c gy 

5A. eii ln Figure Hi- 

Figure IH-7B illustrates tot.i 
energy output as , funcfcion — 

Figure IH-5B. ° r the cel1 ^ 



Figure IH-8 shows the cell ► „ 
n)nt . , e cel1 temperature vs t 

Plot for a 0.4 x 1.25 ™ s - t 



line 



X 1.25 ca Pd elert-r^ 

electrode m O.im LiOD for a 



period during which the cell went to boUi^ 
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Figure in-9 is a Log-log plot (excess enthalpy vs 
current density) of the data in Tables III-3 and m- 
A6.1. 

According to one aspect of the invention, it has 
been discovered that isotopic hydrogen atoms, such as and 
preferably deuterium atoms, when accumulated in the 
lattice of metals which are capable of dissolving 
hydrogen, can achieve a compression and mobility in the 
lattice which are sufficient to produce heat-generating 
events within the metal lattice which are believed to be 
fusion-related, as evidenced both by the amount and 
duration of heat released from the lattice, and by the 
generation of nuclear fusion products. These heat- 
generating events may be associated with neutron and 
tritium production, and perhaps other nuclear reaction 
products . . 

Section I describes materials and conditions 
suitable for achieving the required conditions for heat- 
generating or neutron-producing events within a metal 
lattice. 

Section II describes the generation and use of 
neutrons according to the present invention. 

Section III describes a detailed analysis of 
conditions and events relating to heat and neutron 
production according to the present invention. 

SECTION T 



Heat-Generating Condirinns Within , y et ^ T ^ ¥ ;^ 
A. Metal Latticp 
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Metals and mofai , 
in t he present ZT ntion ^ WhiCh SUitable 'or use 

elect rolytic deco 9 m ; o t I 6 ^V"" 1 "' " * (i > 

^rogen, . d .Lptio„ ef tt^"" Ant ° 

lattice surface, and dif " at ° niC hydr °*-" °" 

the lattice. ' dlffusi °" of the atoms into 

The metal is also preferable 
its structural intent" l he " °' 

- P re SSed into the metal ^tir^T 109 " 
••9.. near hydride saturation L\ COncent «tion s , 
lattice should be caoabl/ T' Dletal 
an increasing 00^^^^. ^ — ~ 
- accumulated and compressed ^ ^ ^ 

hi:; ^z:°;ri£rT n atoms by 

- f ined herein to incL 'I r* 1 " « 

«t.l doped with se i ected ^ :^ ) mSt ! 1 ^ -d 
teller ^ ^. <»>, Ron et P £""» • See for example , 

**l-< a \ and Bamba k ad~«t ' - D andap ani 

n-etals, and particularly p anad ■ ^ VIIX 

indium, osmium, nicKel" L ba \t ' rh ° diUm ' 
t-reof, such as panad : um ^ Alloys 

alloys, are favored as ' iVer and Palladium/cerium 
titanium, zirconium , and ^J*™> ™ -t.1. 

The group Vlii metals have cubin * 
lattice structures as illustrated f ^"^tered 

d i«usion or isoto Pi c hydr ;in ; o ; s n Fi r e i_ia - with 

the lattice is able to ** n at ° mS lnt ° the lattice, 
accommodates a hi gh conc entr " "T^ ^ f ° r> Which 

lattice, and . ffectlv . n e ; m*. 

and cracking. tS lo «li2ed strain 
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whic h 0 a n r e e P b °I 1 Sible H meChaniSm f ° r the ^sion events 

which are believed to occur within & ^ 

ZZ iSOt ° PiC hydr ° 9en inV ° 1VeS 3 —elation 

pairs oV r lenCe SleCtr0nS ^ thS ^tic. and 

pairs of 1S otop lc hydrogen which allows the hydrogen- 

Lely 3 :: 5 / 0 b6COme m0re l0CaUZed — -re^e 
likely to fuse. Kusion occurring accord . ng to 

mechanism nay be favored by fermionic metals i e 
metals characterized by „ (X/2J spin states> 
fermionic metals would include titanium isotopes " Ti 
and Ti 4 , (together making up about 13 % of the naturally 
occurring Ti nuclides) , «Pd 105 (making up aboufc 22 
percent of the naturally occurring. Pd nuclides, " C o 
(-King up 100% of naturally occurring Co nuclides,, " 
Ru„ and ru 101 (together making up about 30% of the 

naturally occurring nuclides) 45 Rh / l. • 

y aes) ' ^103 (making up ioo% of 

naturally occurring Rh nuclides) , 77 i r 

„- ' ' Ir i93 (making up about 

63% of the naturally occurring ir nuclides,, and " Pt 
(making up about 33.8% of the naturally occurring Pt 
nuclides) . * 

Naturally occurring palladium may be particularly 
favorable, since the 46 ph i . ^uiariy 

, mce tne Pd 105 isotope has a relatively 

large neutron cross section compared with other major 
isotopes present in naturally occurring Pd. Naturally 
occurring rhodium is also expected to provide a high- 
favorable lattice. mgniy 

As will be appreciated below, the metal lattice 
should also have (or be treated to have) surface 
properties which are favorable to charging with isotopic 
hydrogen atoms. Where the metal is charged by 
electrochemical decomposition of isotopic hydrogen water 
as described below, the surface should favor thl 
electrolytic formation of atomic isotopic hydrogen at the 
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lattice surfacp 

For this reason, and as will h» 

«n be minimized by the use of -\ lattice surface 
— u Sable otherwise 

atom charging of the Lt tlce H 1SOt ° PiC hydr ° ge " 

nation at the ^J^gj^^"^ ~ 
this regard, it is known that ^ ^ * bSOrPtl °" ' ^ 
to migrate to the surface of a metal wh T^" 5 tend 
temperature f or casting or anne "Z'T* * 

-t.l. such as palladium which have been f r6aS ° n ' 
-sting or annealing may have sign f C nt p^aT * 
^purities at their surface regions and 
s^w relatives poor charging the ^°" 
solid lattice formed by cltLa a 
-chining or the like to TZl ' » 

would have relatively low surface 

-chined lattice may be further S " ^ 

abrasives, to remove po Ssible su ' f "« ' " 

thS maChini ^ Process. Such methods .oTrT" 3 " 5 
-P-ities in a Mtal lattice _ ^ 
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As will be seen from below, a feature which is 
believed to be important in the invention is charging a 
metal lattice to a high accumulation of isotopic hydrogen 
atoms, particularly deuterium, m metals such as 
palladium which are known to undergo significant 
hydriding (with ordinary hydrogen) over time (e^ 
Veziroglu< 4 >, Ron et al.< 3 >, Mueller et al.< 2 >), it 'is 
therefore desirable to remove at least a portion of the 
ordinary hydrogen present in the lattice prior to 
charging, since this preexisting hydrogen may limit the 
available hydride sites in the lattice. Most preferably, 
all of the hydrogen should be removed. Methods for 
removing or desorbing hydrogen from a metal lattice, such 
as by melting and cooling, or vacuum degassing are known. 

Figure I-ib illustrates a Pd-D (palladium-deuterium, 
lattice, showing deuterium nuclei moving freely into and 
out of a cell. Although the correct description of the 
palladium/ isotopic hydrogen atom system is still 
uncertain, experiments performed in support of the 
present invention, in conjunction with subsequent 
experiments reported by others, indicate the following 
features : 



1. The isotopic hydrogen atoms are highly mobile, 
with a diffusion coefficient for deuterium, D., of about 
10 -7 

cm- 2 s at about 100° K. This feature has been deduced in 
part from the measured electrolytic separation factor S 
for hydrogen and deuterium, which shows that S varies 
with potential and approaches a limiting value of 9.5, 
indicating that the atomic species in the lattice are so 
loosely bound as to behave as three-dimensional classical 
vibrators . 
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2. The isotopic hydrogen ato^s exish , 
deuterons (D+) in tne lattice aseV H nUCl6i ' 
^ration of the nuclei in an e *~* * 

lattice. ba " a st ™«<™ « the 

potential of the latti™ *- . chenucal 

t-ne xacrice to above* n 

pressure (Aifi . , wlthout input of energy) ^ 

W 4 ' K Alth ° Ugh the "P^ive potential of the 
isotopic hydrogen nuclei is shiolH^ „ 

e^ctrons in the me tal lattice lt ls ^ * 

-lecular i sotopic hydrogen ^ " TT" ^ 

the weak S-character of L ^" " dU ' t0 

-ther, .-tio„V*^^ 

has not been observed. the lat tice 

The metal should be a so i id fnr ^ . 
or a solid rod, sheet, or the L ^h ^ ' ^ ^ 
to be charged by electrolysis as d " iS 
-ow. Amatively, thl ^ ^ » 

'on., as described in Section 1E belo! or 
«11 Particle for,, such as when the ^ » ~* or 
charged by heating in the presence of , ! " 

described in Section io. 'he anode" 33 
spaced fro, the cathode in any o th * """^ 

order to achieve uniforra ch ^ ^—ions in 
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B. Electrolytic Compression — ~* ~^ 

Figure 1-2 shows an electrolytic cell or system 10 
for electrolytically charging a metal lattice with 
isotopic hydrogen atoms. As defined herein, "charging" 
means concentrating isotopic hydrogen atoms into a metal 
lattice. The charging process is also described as 
"compressing" isotopic hydrogen atoms into the lattice ,or 
accumulating said atoms therein. As will be seen, the 
charging or concentrating process must be capable of 
concentrating isotopic hydrogen atoms into the lattice to 
a concentration significantly above the concentration of 
the hydrogen atoms in a metal hydride equilibrated at 
standard pressure (1 Bar at 273°K) . 

In the electrolytic charging process illustrated in 
Figure 1-2, "an. aqueous solution of isotopic hydrogen 
water is electrolytically decomposed to form isotopic 
hydrogen atoms, including (designated 1 1 H, or H) , 
deuterium atoms (designated 2 X H or 2 D or D) , and tritium 
atoms (designated 3 jH or 3 T or T) , and preferably 
deuterium alone or in combination with ordinary hydrogen 
and/or tritium. The invention also contemplates loading 
of lithium atoms into the lattice, either alone or 
preferably in combination with isotopic hydrogen atoms, 
to achieve nuclear fusion reactions involving lithium 
nuclei, such as neutron interactions with lithium nuclei 
within the lattice to produce tritium. Suitable sources 
of lithium for charging are given below. 

The component which is decomposed to produce the 
isotopic hydrogen atoms is also referred to herein as the 
isotopic hydrogen atom source. One preferred source is 
an electrolyte solution of deuterated water, or an 
electrolyte solution of deuterated water containing 
ordinary water and/or tritiated water, containing an 
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electrolyte such as LiOD or Li ca J! 

vanety of i sotopic nvdrooo ^ »' f ° r e ^Ple. A 
iterated and or tri^IT ^ 
iterate, or trit.a^tL ' - 
capable of electrolytic d«n S " Na0D ° r Ll0I >' 

0-5% ordinary water to 99.5% d "V ° f betWeen 

water. 9 " 5% ^tmrxum and/or triti ated 

Alternatively, the source of , f . 
bS ° rdinarv -ter, deuterated v. t . \T° hydr ° ?en "» y 
any combination of the three in n T trltlated Wat *r, °r 

ration of ordinary hydro " T ^ ^ 

^ttice to the total deuL"!! (Pr ° t0nS) in ^ 

tritiu, nuclei (tritons^ -d/or 
to 1:5. , P^ferably between about 5:1 

A variety of non-aqueous «„, 
Citable sources of the isot *** 3lS ° P^ide 

•olvnf may include Luatopi?^*** 09 '* at ° mS - These 
« deuterated and/or triti ated ^ Such 

P^ine(s), metal iQnS( * fUranS ' "r^s. 

a i kaneS/ polynucle ' Sln ' le ring aromatics, 

< S '».° function) and ot J ^T^' heter ° C ^« 
"Active decoction yi °:L U r S / hiCh -«go 
•«ch as hydrogen sulf . de v ot 1 h d er 1S ° t ^ ic ny^rogen ato ms 
solvents n, ay be diluted nd ° ther -ulfid... The 
-nta ining either non . isotop S ; c SP o e r nded - -n agueous med i Um 

other soiute — s - m e n t i0 n:: o :: o p :i; ater and 

The source fluid may also , 
WhlCh fu -tions to poison the J Ude a "lute component 

3talytic surface of the 

SMsnraiE sheet 
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cathode, to prevent reaction of surface bound isotopic 
hydrogen atoms with isotopic water, to for, molecular 
isotopic hydrogen gas. A variety of compounds which are 

hydro! 1 " lnhibit C3talytiC f0rraati ° n ° f m ° leCUl - 
hydrogen on a metal surface are well known. These 

include a number of sulfur-containing compounds, such as 

and T 3 , 0 : hydr ° 9en SUlfid6 ' aS Wel1 - ^nide salts 
«nd the like and are added to the fluid in amounts 

effective to preferentially inhibit molecular gas 

formation on the lattice surface during electrolysis. 

Concentrations of catalytic poisons which are effective 

m electrolyte solutions are known. Components to 

sr iytic activity - ch — — e m ay 

The system may further include a non-submerged 
heating or catalytic element (not shown) which can be 
heated to promote catalytic recombination of molecular 
isotopic hydrogen, such as D, (formed at the cathode) and 
0 2 (formed at the anode) to regenerate isotopic water 
It is additionally possible to have a submerged catalytic 
anode to serve this same purpose, particularly when the 
system is infused with deuterium gas (D 2 ) . 

As shown in Figure 1-2, the aqueous source of 
isotopic hydrogen is in a container i 4 , which is 
preferably sealed, to recapture material, such as 
molecular isotopic hydrogen, which may be generated 
during electrolysis. The cathode or negative electrode 
m the system is formed by a metal rod 16 whose lattice 
is to be charged with isotopic hydrogen atoms As 
indicated above, the cathode may be a block in the form 
of a plate, rod, tube, rolled or P l anar sheet( Qr 

like, or an electrode havinq a thin m 

g c nin-fii m metal lattice 
as detailed in Section ID. As will ho . 
i.l , S Wl11 be appreciated below 

the shape and volume of the catnode wm ^^.^ ^ ' 
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amount of heat which can be gene.W in the metal, at a 
given electrical potential. 

The anode or positive electrode 18 in the system 
typically includes a wire or sheet within the container 
such as helical wire 18 which encircles the metal rod ^ 
as shown. The anode configuration shown in the figure is 

In XP ; h C e rod'd^ 3 — ™ 

in the rod during the electrolytic charging operation. 

The anode may be any suitable cpnductor, such as 
Platinu* , nicKel, or carbon, which itself does not react 
with the nguid components in the container to produce 
undesired reactions. P 

A charge-generator source 20 in the system is 
connected conventionally to electrodes for producing the 
desired electrolytic decomposition. The source may be a 

a t :i: ire r current (d - c -> *-* — - ^z, or 

alternatively, an intermittent or pulsed D.c. charge or 

current source. y 

The source typically is set to produce a current 
density of at least about ! mW cathode surface area. 
This minimum current lavel may be required to achieve the 
desired final chemical potential of isotopic hydrogen 
atoms in the metal lattice. Preferred currents arl 
between about 2 and 20 00 mW, although even higher 
currents may be used and may actually be preferable f 

cathodes or with more J /~ 

fluids. For example, current levels of un tn 1 

-.ooo *w or higher wight be ^ - 

applications. if the current i <; * 

»«t al ,.« le . „ y ; ! : o9en int ° the 

e „ e «. , limiting, biasing the 

y tem towards formation of 

which lowers the eff iciency of hfiat generation J J™' 
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system. A stepwise electrolyte charging of the cathode, 
as illustrated in subsequent Sections, may be useful in 
avoiding the rate limiting effect particularly at 
increased current densities. 

In a charging operation to accumulate isotopic 
hydrogen atoms, the source fluid is placed into the 
container 14 to a level which submerges the electrodes, 
and the charge-generating source is initiated by being 
set to a desirable current level. The total required run 
time for a metal lattice of known dimensions can be 
generally determined from the above diffusion coefficient 

—7 —2 

of about 10 cm for hydrogen and isotopic hydrogen in 
the metal. Typically, for a metal rod whose diameter is 
in the mm range, run times of from several hours to 
several days may be required to reach the desired 
chemical potentials. For rods whose diameters are in the 
cm range, run times of up to several months or longer may 
be required. An example for charging is to charge a 
cathode at a relatively low current level of about 64 
mA/cm 2 for about 5 diffusional relaxation times and then 
to increase the current to a level of 128, 256, 512 
mA/cm 2 or higher in order to facilitate the heat 
generating events as is suggested by Table A6-1 in 
Section III. It has been found that the charging time 
(which varies at different cathode temperatures) 
generally follows the equation: 



Thus, for a 0.2 cm radius palladium rod, the time needed 
for sufficient charging to initiate heat generation is: 



time = 5 fradius) 



diffusion coefficient 
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5(0 .2 nm) 2 

10 cnPTec" 1 

20 days 



The charging of the metal, ij., electrolytic 
co.press.on of i so topic hydrogen in the metal Lttice is 
earned out to . final chemicai pQtentiai ,ce, 

hydrogen ln the metal/ due to accumulation/compression of 
xsotopic hydrogen nuclei in the la ttice, which L 
sufficient to produce a desired level of heat-generatina 
events within the metal lattice, as evidenced 
-cunt and duration of heat generated within the lattic 
and, where the isotopic hydrogen is deuterium, by the 

~r nuciear fusion — - *— 

potent ° ^ l6aSt ab ° Ut °' 5 6V ab ° Ve the «*-ical 
potential of metal hydride equilibrated at standard 

Pressure (1 bar at 273' K) i^. without en 
pec lflcally , the chenical pQtentiai ^ 

cathode metal is determined against a reference wire of 
the sane metal, e^., palladium, which has been chaLl 
electrolytically with the same isotopic hvdrn 
then allowed to equilibrate at standi ^ ^ U^r) 

i\v:::T d that the reference ^ — ^ 

0.6 atoms of isotop ic hydrogen per metal atom at 
equilibrium. The chemical potential is ^ • 

voltage potential mea J red <"» 
cathode and th . equilibrated reference ^^"^ 
recognxzed by those skilled in the art that th. 1 
potential expressed in electron volts (ev i ^ 
equivalent to the measured voltagg ^ - ,.n«.ll y 

measured 0.5V generally translates to a o s 

Potential. it will also be recoo„i«d \ , ^ 

potent ial re quired to produce hel! ^ ^ Che » iMl 

"eat-generating events nay 

OlfDPTJTMTr nr/rr-r 
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depend on the metal being charged. Therefore, some 
metals, e^_g. , zirconium, may produce such events at 
different, perhaps lower, chemical potentials. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the system 
described above will be considered with respect to an 
alkaline solution of heavy water as a deuterium source. 
Below are shown the four reaction steps which must be 
considered when D 2 0 is reduced at the cathode: 

D 2° + e - D ad 8 + 0D " (i) 

D ads + D 2° + e " D 2 + 0D " (ii) 

D ads ~* D lattice (iii) 

D ad« + D ads - D 2 (iv) 

where D indicates adsorbed deuterium atoms, and D, 

lattice 

indicates deuterium diffused into the lattice. 

At potentials more negative than +50 mV (referenced 
to a reversible hydrogen electrode) with the Pd-D lattice 
is in the beta (3) phase, deuterium is in the form of 
isotopic protons and is highly mobile. 

The overall reaction path of D 2 evolution consists 
dominantly of steps (i) and (ii) so that the chemical 
potential of dissolved D + is normally determined by the 
relative rates of these two steps. The establishment of 
negative overpotentials on the outgoing interface of some 
metal electrodes for hydrogen discharge at the ongoing 
interface (determined by the balance of all the steps (i) 
to (iv)) demonstrates that the chemical potential can be 
raised to high values; chemical potentials as high as 0.8 
ev can be achieved using palladium diffusion tubes (2.0 
eV or higher may be achievable) . 
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"Iter- Preased confi " tl * ^ Stac * a 

P-vided wlth a ser . es ™' A cell container 26 is 
nerabranes 28, 30 3, Electrode membranes, SUC h 

-ese membranes^ £ ^ Gainer as ^ 

^argea by electrolytic coll * l ' to 

"ydrogen atoms, in a CCO rd a ^ is ° t0 ^ 

_ ' n acc ordance with • 

membranes are preferably close! 1 inve "tion. The 

'«» 28a, 28b associated wlth ^ M heat such as 

-I.-ip.ting heat generated ln "fr* 28 ' '~ 

m the membranes. 

The membranes are joined b 
the container along their ton I Seali " 9 to the walls of 
- thus Partition\he ^ertr If 

closed compartments, sucn as * f the "Gainer into N + 
the left side of the container 34 bet — 

28 ' the compartment 36 between ! and —*»«. 

compartment 38 between the 11 28 ' 3 °< ™« the 

the container in the flgul " " sid, 

A valve-controlled conduit an 
compartment 34 for fin in „ ^ communicates with 

and for removi 1 fo^lT^ ^ ^ 
— tion. A conduit J Bi ; o r f ^ ^e chamber during 

compartments other than compart!" With th * 

<" °t shown, one for each Ztl * " Va ^es 
camber w ith source li^n^^ fil ^g «ch 

-cl. chamber during operation. rem ° Vin9 °* f0 ™ e <* in 

The electrolytic driving fore ■ 
Provided by an anode 4g ° g force m the cell is 

opposite end „ alls of 49 Seated at the 

charge-generator source 44 T ' " ^ ™ a 

44 con ^cting these two 



-27- 



electrodes. The electrodes may be any suitable electrode 
material. Preferably, the anode is platinum or carbon, 
and the cathode is palladium. The charge-generator 
source is designed to produce a current between the 
electrodes of preferably between about 2 and 2000 mA/cm 2 
(total area of the membranes), as above. 

A series of limiter circuits, such as circuit 46, 
one for each pair of membranes, such as membranes 28, 30, 
function during operation of the cell to equalize the 
currents in adjacent compartments, for a purpose to be 
described. Such limiter circuits are known in bipolar 
cell stack electrolytic cell circuits. 

In operation, each compartment is filled with the 
source fluid, such as lithium deuteroxide (LiOD) and 
ordinary water in D 2 0, and the current in the cell is 
adjusted to a suitable level. As indicated in the 
Figure, the voltage potential across the anode and 
cathode is distributed, in a series configuration, across 
each membrane, so that the left side of each membrane is 
negatively charged with respect to the immediately 
confronting anode or membrane surface, and the right side 
of each membrane is positively charged with respect to 
the immediately confronting membrane surface or cathode. 
Thus each compartment functions as an electrolytic cell 
in which the solvent source of isotopic hydrogens is 
electrolytically decomposed at one membrane surface to 
form isotopic hydrogen atoms which can then diffuse into 
that membrane. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the stacked- 
cell system will be considered, as in the Figure 1-2 
electrolytic cell, with respect to an alkaline solution 
of heavy water as a deuterium source, and the four 
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(i) 



(iv, 



Reaction (i, occurs at the ri«ht. , 
membrane i„ each compartment ai negative, 
<"> *» (iv, in the I emb ;;;:; ^ - reactions 

j compartment. Because D s Pec les in the 

X 95 -bile nuclei 1 "the C se at ° ln ? ^ Predorai »^tl y 

^into and throu gh the ^ ^ *» * 

"11 (I.e., to the right in the , Cath ° de the 

W atoms reach J. r^^^ ^ 
"action in the • « «»• -mbrane, 

which can then react wlth the ^Tf 10 " P " d — °. d . 

to compartment. Alternative^ th ^ mi9rated ~ 

in ^ c -P-tment, via reaction - ^ «« react 
the compartment. The charging ^ to '*« ^ *- in 
ail of the Plates are ful ' J 6 -' » continued until 
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appreciate, that by main^C", " can be 
compartment substantially equa i , h ln eac " 

in one compartment and drawn ' ^ am ° Unt «* D ad8 formed 
the r ig ht- adjacent comp ar t m : n r; f b the ~ * *"to 

equal to the amount of 0D " f sub stantially 

or ud formed in t-hi- • 
compartment. This minimizes the f ri 9 ht -ad jacent 

in the compartments • i e Nation of D formed 

' maximizes t-h« * 

by " °«. - »- « „. °' 
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One advantage of the stacked plate arrangement just 
described is that the amount of 0 2 and D 2 formed in the 
system is minimized since 0 2 formation is substantially 
limited to compartment 34 and D 2 formation is likewise 
minimized by recombining with OD~ in each compartment. 
That is, the total chemical potential in the system, 
which is the sum of the individual chemical potentials of 
each membrane, per amount of molecular gas formed by 
electrolysis, is increased. The efficiency of the system 
is increased accordingly, and problems of recycling 
molecular gas are reduced. 

The stacked plate configuration also allows for a 
rather dense packing of charged plates, without the very 
long diffusion times which would be required to fully 
charge a solid block. The dense packing of charged 
plates, in turn, will result in a much higher neutron 
beam flux, as measured, for example, at the right side of 
the cell, since a large percentage of neutrons ejected 
from each internal plate will pass through the entire 
series of plates in the cell. 

C. Charging with Metal Hydrides 

Figure 1-4 illustrates schematically an alternative 
system, indicated generally at 50, for compressing 
isotopic hydrogen atoms into a metal lattice, in 
accordance with the invention. 

The metal to be charged in this system is in the 
form of an intimate mixture of the metal and a metal 
isotopic hydride, such as a fused metal isotopic hydride 
salt, or a mixture of a fused metal salt and a metal 
hydride, which provides the source of isotopic hydrogen 
atoms. Exemplary fused metal hydrides include Li/Na/K/D 
(deuteride) , and related hydrides such as Li/Ha/D. 
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Exemplary mixtures of fused salts include eutectic 
mixtures of Li/Na/K/Cl and LiD, and related mixtures 
such as Li/K/Cl and LiD or NaD or LiH, NaT, LiH or NaT. 

The intimate mixture, which is shown in pe ii et form 
at 52 ln Figure 1-4 is formed by D i xing aetal particles , 
such as particles 54, with the fused salt, and 
formulating the mixture into a cohesive form, according 
to known pelletizing methods. The ratio of metal to 
hydride salts is calculated to provide a severalfold 
excess of isotopic hydrogen to metal atoms in the 
mixture. 

The mixture is sintered at a suitable sintering 
temperature below the melting point of palladium, 
according to known sintering methods. A heating element 
56 in figure 1-4 gives controlled heating of the intimate 
mixture. After sintering, the chemical potential of the 
material is measured, as above. if necessary, the 
sintered material may be further charged^e^ 
Jlectrolytically, to bring the chemical potential in the 
material to a desired level. 

Alternatively, the mixture can be heated by high- 
energy lasers (not shown) under conditions which promote 
diffusion of hydrogen isotope atoms produced from the 
source into the lattices of the metal particles. Mo re 
specifically, the heat source is designed to provide an 
energetic shock wave sufficient to drive the hydrogen 
atoms into the metal, to a fin^i ^v, 

31 ' zo a fln *l chemical potential of at 
least about 0.5 eV within * * , 

«v, wicnin a period of about a ^ec or 

less . 

Devices for focusing nigh energy beams onto pelleted 
materials may follow, for example , beam t . c * 
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developed in connection with inertiaf confinement of 
high-temperature plasmas. 

It will be appreciated that the metal lattice formed 
by the sintering method can be prepared to contain 
selected mole ratios of isotopic hydrogens atoms, such as 
selected levels of deuterium and tritium atoms. 

D - Thin-Film Latticpg 

Figures 1-5 and 1-6 illustrate two types of thin- 
film metal lattice composite electrodes designed to 
support more controllable fusion reactions, in accordance 
with another aspect of the invention. The electrode 41 
illustrated in Figure 1-5 is produced by forming a metal 
lattice thin-film 4 3 on an electrode substrate 45, such 
as carbon. 

In one embodiment, the substrate 45 may be an 
"inactive" material which itself cannot be charged with 
isotopic hydrogen atoms to a level which supports nuclear 
fusion events. 



Alternatively, the substrate 45 may be a material 
capable of supporting fusion reactions when charged with 
isotopic hydrogen atoms, as above. One advantage of this 
configuration is that the surface properties of the 
substrate material can be largely masked in such a 
composite structure. For example, the substrate 4 5 may 
be a platinum metal lattice which is coated with a thin 
palladium film 43. Here the palladium is effective both 
to promote surface adsorption and diffusion of isotopic 
hydrogen atoms into the electrode film 43, and to prevent 
catalytic formation of hydrogen gas at the platinum 
interface 44. 
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m.t.tSr* " Which b ° th the s ~ - 

^ ogen> . to Prod uc e he w a ;i h en can : e char?ed with ^ Pic 

substrate material is Dref T ' reaCti ° nS < the 
because of its f either 

electrolytically with h„H ltself b * readily charged 

■•1««M ch„l M1 potentia i ,„""' « » 

' "^ium, and zirconium. 

The thin-fii m may be formed h„ = 
thin-film deposition methods nc iH ° f kn ° Wn 

evaporation, and chemic ° po " Z^l ^ ^ ' 
^ deposition conditions .rT^"""' ""^V' 
of between about 50-500 A in thi.T Pr ° dUCe 3 film 

films raay be suitable ln «"«*„«., although thicker 

In one thin-film method, the deposition ■ 
out in a closed chamber by DC maone, " 
guttering, at a selected press J T" " " ^ 
,as. The gas pressure in ^" ™ „ ^rogen 
isotopic hydrogen atoms in the thin! i 

example, the sputtcrinq mav k„ . la "ice. For 



— .HULwring may be carried . 
deuterium/tritium atmosphere, to ° ^ 1 . 

a desired concentration of isotopic ^J^^ 1 " Wlth 



i; ^ 
Jj 

The composite electrode may be employed in an 
electrolytic cell, such as described above, in place of 
solid metal lattice cathode. Here the thin-film lattice 
is charged electrochemically to a chemical potential 
sufficient to promote a fusion reaction, as above, 
preferably with continued supply of electrolytic current 

One advantage of the thin-film electrode, where the 
substrate is inactive, is the greater control over heat 
production which is possible, since the thin film which 
supports fusion reactions can be charged relatively 
quickly to a desired level, and the reaction will be 
expended relatively quickly after charging. Also, heat 
dissipation from the thin film can be more accurately 
controlled by fluid flow in contact with the film, for 
example, through the substrate. 

Figure 1-6 shows a tubular electrode 47 produced by 
forming a thin metal-lattice film 49 on a suitable 
tubular substrate 51. The substrate may be an inactive 
substrate, such as a carbon rod, or alternatively may 
itself be formed of a material having a lattice capable 
of supporting fusion reactions when charged with isotopic 
hydrogen atoms, as above. 

In still another embodiment, the substrate 51 may be 
a material, such as tungsten, which is effective to 
absorb gamma rays or other radiation produced in the 
thin-film, with the production of heat. In this 
embodiment, the energy produced by reaction in the thin- 
film 49 can be dissipated both by internal and external 
fluid flow. 

In still another embodiment, the substrate may be a 
selected material whose atoms can be transmuted by 
bombardment with high energy gamma rays, neutrons, a or p 
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particles produced by ^ reactiQJJ J e 

Such a substrate may be used !"' S " ^ thin 
Produce se i ected metal i^p.. ^,, d *> 

exciting raeans My W ^* ™™ - —ides. 

(a) incorporation of radioisotopic atoms < 

which become radioisotopic Z^Z^ 
neutrons) into the netal lattice- ? 
-co ration of radioisotopic a ; oms 

fluid source of Atopic hydrogen; 
(c) formation of a thin metal lattice Qn g 
radioisotopic substrate; 

incorporation of a radioisotopic thin fim, 
metal lattice substrate; ™ ° n 3 

(«) placement of a solid ' 

Particle emitter c^ ZT 
within the core of the lattice- " 
(f) generation of neutrons in the lattice 

incorporation of beryli ium or the ... . ^ 

lattice, and/or the ad-i, / lnt ° the 

/„, . adjacent substrate- 

(9) generation of .-particles i n tne lat J ce 

incorporation of boron or the l ike A 

lattice and/or the ad W I ° th& 

/ l . . . ' Zne ad 3acent substrate- or 

(h, bombardment of the charged lattice 

energy particle source or accelerator 

a neutron or positron source or a 

deuteron accelerator. * Pr ° t0n ° r 

In one embodiment, the lattice 
atoms, such as 60 co 90 s - 106 D 117 Cont * Lns radioactive 



(d) 
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210 p 238- 242„ 244 

' PU ' Cm ' or Cm > which emit gamma ( r ) rays 
and/or alpha (a) and/or beta (/?) particles. 
Alternatively, or in addition, the lattice may contain 
atoms which form radioisotopic atoms upon bombarded with 
h^gh-energy particles or upon capturing neutrons, or 
which eject high energy particles when bombardment with 
high-energy particles or upon capturing neutrons. The 
lattice, for example, may contain beryllium, which 
produces neutrons when bombarded with alpha particles, or 
boron, which produces alpha particles when bombarded with 
thermal neutrons, or"c which can emit neutrons when 
bombarded with high-energy neutrons, m another 
embodiment, the charged lattice is placed against a 
r-diox.otoElejourc. or submerged in 'a fluid suspension 
or solution of radioisotopic atoms, m still another 
embodiment,, the lattice is bombarded with high-energy 
neutrons, protons, deuterons or the l ike from an external 
high-energy particle source, such as a particle 
accelerator or an electrical discharge. 



F. 



Heat and Neutrnn Generating Even1-< 



This section considers fusion-related heat 
generating events which are believed to occur in a 
lattice structure charged with isotopic hydrogen 
Several basic heat generation experiments performed in 
support of the present invention were based on the 
cathodic reduction of 0,0 from liquid phase at near room 
temperature using current densities between about 0.8 and 
up to 70 mA/cm . The deuterium atoms were compressed 
into sheet and rod samples of palladium metal from 0.1M 
uiOD in 99. 5% D 2 0 + 0.5%H 2 O solutions. Electrode 
potentials were measured with respect to a Pd-D reference 
aectrode at phase equilibrium, as described above. The 
ollowmg types of observations were made- 
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lo» » J . of heat balance , t 

x =» , s„ Pd sheet cathode (obtainea ;j » »- 

« ; — «rl- out i„ 

of the watj Oat : *■>■". the c.ll and 

th.rT T ' """"O""" »ith Bectaann 

M»ar cell and contents and th. rate of niton's l,„ of 
coo Una losses w d . te „ lned by = ^" »f 

by following the cooling curves. 2 

(2) Calorimetric measurements at high current 
densities were carried out using i 2 an ! A ! 
v 1f) ,„ J g ' 2 ' and 4 mm diameter 

10 cm long rods (obtained from Johnson-Matthey PLC) 
surrounded by a platinum wire anode wound on a cage 0 . 
glass rods. The Dewar cells were fitted 
for deflation of 

jr.™*:; — ; «r - — 

it has been confirmed that the rates of adHif 
tn n,« '•aces or addition of D,o 

to the cells required to maintain constant volumes is 
that required if reactions (i) , • « 

ab ° Ve) «« »«^y Glanced by the react on ! 



40D - 2D 2 0 + 0 2 + 4e" 



(v) 



Furthermore, subtraction of th* «hm ■ 
-ss.s .» section for tne con col 

^ (-lose to that required i f i-v* 

i= oo„ tr o llod by proc . sses - 1 I 0 ; 6 " 11 

' Ui) , and (iv) . with 
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nd 



this assumption, it has been found that the calorimetric 
experiments using the large sheet Pd-cathode, the 
Newton's lav of cooling almost exactly balances the rate 
of 3 oule heating (after prolonged electrolysis to 
saturate the metal lattice) , when the metal is charged at 
a current density of about 0.8 mA/cm 2 . 



cm -2 



At higher current densities of 1.2mA cm" 2 and 1.6mA 
excess enthalpy generation of >9% and >25% of the 
rate of joule heating was observed (these- values make an 
allowance of about 4% for the fact that D 2 and O, 
evolution takes place from 0.1M LiOD rather than D 2 0 
alone) . This excess enthalpy production was found to be 
reproducible in three sets of long term measurements. 

Table l-A below shows the lattice heating effects 
which were seen with a variety of cathode geometries, 
sizes and current densities. The excess specific heating 
rate was calculated as the amount of heat produced less 
the joule-heat input used in charging the electrode. The 
joule-heat input J, also referred to herein as the joule- 
heat equivalent, was determined by the equation: 

J = I (V-1.54 volts) 

where I is the cell current, v, the voltage across the 
electrodes, and 1.54 volts is the voltage at which 
reactions (i), (ii ), and (iv) balanced by reaction (v) 
are thermoneutral , i^e. , the voltage where the cell 
neither absorbs nor gives out heat. The excess specific 
heat values are expressed as excess specific heat rate in 
watts/cur . 
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TABLE T-a 



Electrode 
5Type 



rod 
rod 
rod 

rod 
rod 
rod 

rod 
rod 
rod 

sheet 
sheet 
sheet 

cube 



Electrode 
Dimensions 



. 1x10cm 
. 1x10cm 
. lxlOcm 

.2x10cm 
.2xl0cm 
. 2xl0cm 

. 4xl0cm 
.4xl0cm 
. 4x10cm 

. 2x8x8cm 
.2x8x8cm 
. 2x8x8cm 

1 cm 3 



Current 
(mA/cin*) 



8 

64 
512 

8 

64 
512 

8 

64 
512 

.8 

1.2 

1.6 

125 



Excess 
Specific 
Heat Rate 
(watt/cm 3 ) 

.095 
1.01 
8.33 

.115 
1.57 
9. 61 

.122 
1.39 
21.4 

0 

.0021 
.0061 

overheating 



The parameters which affect enthalpic heat 
production in the compressed lattice, and the nature and 
-agnxtude of the effects can be appreciated from the 
following observations on the Table I- A data: 

(a) excess enthalpy heat generation (the total heat 

reared to charge the lattice and maintain the lattice 
in a charged condition) is markedly dependent on the 
applied current density ( i^. , magnitude of the shift in 
t e chemical potential) and is proportional to the volume 
of he electrodes, i^. , tho heating ^ ^ 
in the bulk of the Pd-electrodes . 

(b) enthalpy generation can exceed 10 watts/cm 3 of 
the palladium electrode; this is maintained for 



: i 1 

experiment times in excess of 120 hours during which 
typically heat in excess of 4 « J/cm 3 of electrode volume 
was liberated. 

(c) excess heat substantially in excess of 
breakeven can be achieved. m fact it „.„ k 
reasonable p roj ections to 10 00 % can'be made. ^ 

(d) the effects have been determined using D,o with 
small amounts (0.5-5%, ordinary water. Projection to the 
use of appropriate mixtures (as is 

vZlV USi 7 reSearCh) might theref ° re bS ^-te d to 
^eld thermal excesses in the range „3 - 10 « % (eyen 

the absence of spin polarization) with enthalpy releases 
,n excess of i 0 kw/cm*. It is reported _ » fc J^" 

the coition, of the last experiment reported in the 
table, using D 2 o alone, , substantial portion of the 
cathode fused (melting point 1554'), indicating that very 
high reaction temperatures can be achieved. 

One possible explanation for the generation of 
excess enthalpic heat seen in the charged lattice would 
involve reactions between compressed nuclei within the 
lattice, as noted above, isotonic hydrogen nuclei 
dissolved in a metal lattice in accordance with the 
invention are highly^compr essed and bile . Jn 
this high compress^T^c-ular isot^ hydrogen, i e 
D 2 is not formed, due to the low S-electron character^;' 
the electronic wavefunctions. The low-s character 
however combined with the high compression and mobility 
of the dissolved spec les , suggests tne po „ ibili V 
significant number of close collisions between the 
dissolved nuclei. It is tnerefore plausible tj> con 
that some of these coUisions produce reactions ZZ j 
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nuclei. Three possiblg reactiQnS( among QtherS( ^.^ 
may occur in the case of deuterium isotopic hydrogen are 

2 D + 2 D - 3 T(1.01MeV) + H(3.02MeV) (vi) 
*D + 2 D - 3 He(0.82MeV) + n(2.45MeV) (vii) 
D + D - 4 He + gamma(24 MeV) (viii) 

These reactions would be readily detected by the 
production of tritium (T) , and generation of high energy 
neutrons (n) and gamma rays. 

The rate of production/accumulation of tritium (T) 
was measured using cells (test tubes sealed with 
Parafilm) containing imm diameter x 10cm palladium rod 
electrodes. One mL samples of the electrolyte were 
withdrawn at 2 day intervals, neutralized with potassium 
hydrogen phthalate, and the T-content was determined 
using Ready-Gel liquid scintillation cocktail and a 
Beckmann LS5000TD counting system. The counting 
efficiency was determined to be approximately 45% using 
standard samples of T-containing solutions. 

in these experiments, standard additions of imL of 
the electrolyte were made following sampling. Losses of 
D 2 0 due to electrolysis in these and all the other 
experiments recorded here were made up using D 2 0 alone 
A record of the volume of 0,0 additions was made for all 
the experiments. m all of the experiments, all 
connections were sealed. 

The tritium measurements show that DTO accumulates 
in the charged palladium cells to the extent of about 100 
d P m/ml of electrolyte. Figure l- 8 , wnich snQws fche p _ 
decay scintillation spectrum of a typical sample 
demonstrates that the species is indeed tritium ' 
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G - Application: Electrical 



Generator 



Figure 1-9 is a schematic view of electrical 
generator apparatus 32 constructed according to one 
embodiment of the invention. The apparatus generally 
includes a reactor 3 4 which generates heat in accordance 
with the principles of the invention, and a generator 36 
which transforms heat produced in the reactor to 
electricity. The embodiment illustrated employs 
electrolytic compression of isotopic hydrogen atoms from 
an aqueous medium to charge a metal cathode. 

Reactor 34 includes a reactor chamber 37 enclosed in 
a shield 38 which provides neutrons shielding. Where, as 
here, the source of isotopic hydrogen atoms is an aqueous 
medium, the chamber is preferably designed for high 
pressure operation to allow fluid temperatures in the 
reactor substantially above 100°C. 

The reactor chamber houses one or more cathode metal 
rods, such as rod 40, which serve as the metal lattice to 
be charged with isotopic hydrogen atoms, in accordance 
with the principles of the invention, and which therefore 
have the properties discussed above which allow 
compression or accumulation of isotopic hydrogen atoms in 
the metal lattice. Although a single metal rod would be 
suitable for a relatively small-scale reactor, where the 
rods are several cm or larger in diameter, a plurality of 
rods is preferred, due to the long periods which would be 
required for diffusion into a large-diameter rod. 
Alternatively, the cathode may be a sheet in a pleated or 
spiral form. An anode 4 1 is formed on the outer chamber 
surface, as shown. 

The reactor chamber is filled with the source of 
isotopic hydrogen atoms, such as LiOD in deuterated 
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water, as shown in the figure at 42. Electrolytic 
decomposition of the source, and consequent diff usion of 
isotopic hydrogen atoms into the metal cathodes, is 
driven by a charge-generator source 44, as detailed 
above The cathode, anode, and charge-generator source 
are also referred to herein collectively as means for 
producing diffusion of isotopic hydrogen from the source 
into the lattice of the metal cath,ode(s), and as 
electrolytic means. 

The generator in the apparatus includes a heat 
exchange system 46 which operates to circulate cooled 
fluid through a conduit 48 into the reactor, and fluid 
heated within the reactor to a boiler (not shown) within 
the generator, for steam generation, by a conventional 
steam turbine in the generator. Thus heat produced in 
the charged metal cathode (s) in the reactor is thus 
utilized, via heat exchange between the reactor and the 
generator, to drive the generator for electrical 
generation. Although not shown, the generator may be 
connected to source 44, for supplying a portion of the 
electricity generated in operation of the apparatus to 
source 44. 



The generator may also include a reactor-fluid 
circulation system for supplying source material to the 
reactor, and for removing reactor byproducts, including 
tritium. ^ 



It will be appreciated that the reactor may 
alternatively be designed for operation at temperatures 
of several hundred degrees C or higher, to produce more 
efficient conversion of lattice heat into steam in a 
steam turbine. Such a reactor would pref erably'utilize 
metal/fused deuteride salt mixture, with high energy 
heating to produce isotopic hydrogen atom diffusion into 
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aatal partial* j, as daacribad harain. Tit* raaulting 
rapidly haatad partiola aaaa aould b* coolad, for 

axaapla, by circulating lithium or tha liXa, according to 
Jcnovn raaotor daaigna. 

From tha foragoing, it can ba appraaiatad hov tha 
generator apparatua aeata varioua objaota of tha 
invention. Tha apparatua utiliae* dautariua, a virtually 
inaxhauatible aouree of energy, to produca haat, and tho 
producta of tha raaction — tritiua and preauaably 
iaotopoa of Ha — are aithar ehort-lived (tritiua) or 
ralativaly banign (baliua) . Further, tha apparatus can 
ba conetruoted on a small aoala, euitabla, for axaapla, 
for a portabla generator, 

H. Reactor Produora ^ fteQVirv 

Tha heat-genarating raactiona which occur in a metal 
lattica chargad with deutariua can ba characterized by 
tritiua production, Tritiua can ba foraad in tha reactor 
aithar aa tritiatad haavy vatar (DM) or, by electrolyaia 
of DTO, aa tritiatad dautariua gaa (DT) • Whara tha 
reactor aourca also containa ordinary vatar, additional 
tritiatad apaoiaa HTO and HT gaa aay alao ba formed. 
Sinoa tha amount of tritiua in tha raactor will build up 
ovar tiaa, tha raactor is prafarably providad with an 
extraction ayataa for raaoving tritiua and maintaining 
tha tritiua lavala in tha raactor within proaalaotad 
lavala. 

Figura 1-10 ia a echeaatio viaw of an attraction 
ayetem 160 daaigned for r amoving tritiua from both 
raactor vatar and gaa ganaratad within tha raactor, Tha 
■yetea ia daaignad to carry out two aeparate procasa at 
ona which tranafari tritiua in tha reactor aourca to 
dautariua or hydrogen gaa, and tha aacond t aeparatad 
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tritiated isotopic i! 
d istlH a ti on . ? a - s -kf- •=ryoge n i ( 



a vapor-phase L I;™/"*' ^ tritiUa 15 Ca " ied ~t in 
indicated generally a T 162 * ^"P^ic catalytic bed , 
D 2 0/DTO or H 2 0/DHO/D 2 0/DTO/HTQ f ^ U <* Uid -Pnas e ffle thod, 
-PPlied t hroUgh . ^™ ^ reaCt ° r C611 13 

'«» the cell to the catalytic b ed " ^ SUPPlied 

The water from the reactor ce 

intact wi th a deuterium gas stre am b ^ dlrect 

cremation through the bed The d I 

«y be S upp lied froffl a gas . dist T "V; Uteriuin »« stream 

is used, as describe below ' tlllatxon column X64 whi ch 

countercurrent flow over the cltTt^ S ' Parati °"- The 
reaction: catalytic bed promotes the 

DTO + D 2 c^lm + DT _. 

to J" 2i:i\:T th :::;; e : riched in ^ is 

oP-tion of Uguid- h g a t a a lyt ^ ^ ^ ^ 
suitable for use in tne Dr ! \ e * Chan?e SVSte »s 

descri bed in prior p ^ ^ ^ ^ 

«t. Nations and are well known in the 

Alternatively, the catalytic be* 
^id-phase cou„te r .curr.„ t op ^ 1^ * *>r 
known methods. Here the water f acc °rding to 

vaporized and superheated then 17 T """^ ^ ""t 
hydrophobic catalytic bed \Zll a55ed ° V - ^ 
^uteriu, gas streaa . Af J^l "° ^ 

~ strea. is condensed - tion , the 

to tne reactor. 
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The gas stream coming out of thg.^nange bed is 
dried and purified, and passed through a tube 170 to 
cryogenic distillation column 166, through a pump 161 
The column contains Sul Z er packing, and is cooled with 
liquid helium from an auxiliary l iquid helilua circuit 
170. Distillation is carried out at about !. 5 bar . The 
D 2 which is concentrated at the top of the column, and 
which is partially stripped of tritium, is supplied to 
the catalytic bed through a conduit 174, as indicated. 

The heavier isotonic hydrogen gases in the column, 
i.e., DT and T 2 , are circulated to a second distillation 
column 179 packed with dixon rings, and cooled by a 
liquid helium circuit 178. The DT which concentrates at 
the upper portion of the column may be cycled through a 
converter 180, to obtain T 2 , according to the reaction: 

2 DT - T 2 + D 2 . 

This material is separated in the column to produce 
D 2 and DT at the upper end of the column and T 2 at the 
lower end. The T 2 is withdrawn periodically and stored 
either in a gas container, such as container 182, or as a 
metal tritide. The system is capable of separating 
tritium to about 98 mole percent purity. 

It will be appreciated that where the reactor water 
contains ordinary water, H, and DH isotopic gas will also 
be formed both in the reactor and by catalytic exchange 
with D 2 . This gas may be separated from D 2 , DT and T in 
the cryogenic distillation columns, and easily disposed 
of, e.g., by combustion with 0 2 . 



The above described system is designed to remove 
tritium from the reactor water. As noted above, the 
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electrolytic compression process" occurring in th 
also generates molecular isotopic hy d rog en e g ^'T 
OT f orme d by electrolytic d ecom P o S ition o ' h ^'^^ 
conta^ng triti.ted heavy water. Tnis gas m JZ 

"™ ::tir::; ve by ca — — - 

Alternatively, or in addition the i«„* ■ 
»ay be P uri fied in th e triti Ura "~ 
descried above, by introducing g as troa J £ ctor 
erectly lnto the cryogenic distiliation 
system, via a valved conduit 134 in the tritiuT 
extraction system. 

The gas is separated in the two column distills- 
system, with separated 0, be ing supp ii ed J 
bed, for tritium exchange with reactor water anrf ,k 
generating D, and t 2 . as above. ' th ' ° T 

From the foregoing, it can be appreciated 

diagnostic uses. na 
^^^S^ti^ (incorporated by Reference)- 



1. 



Technology Assessment Report on Starpower: The 
U.S. and international Quest for Fusion Energy" Us 
Congress, Office of Technology Ass essm ent, xootn 

Congress . 
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SECTION TT 

Neutron f^nerst-inn a ^ A nn n ra f< M . 

According to one aspect of the invention, it has 
been discovered that isotopic hydrogen atoms, such as 
deuterium atoms, when diffused into the lattice of metals 
which are capable of dissolving hydrogen, can achieve a 
compression and mobility in the lattice which is 
sufficient to produce neutron-generating events. The 
neutron-generating events are also characterized by 
extra-enthalpic heat generation; that is, the amount of 
heat generated in the lattice is substantially greater 
than the joule-heat equivalent used to charge the lattice 
to a chemical potential at which the neutron-generating 
events occur. Section I, as previously noted, describes 
materials and conditions suitable for achieving the 
required conditions for the neutron-generation events 
within a metal lattice. 
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Neutrons produced by the metaT~lat-i« 
collated to produce a neutron be 

used in a variety of neutron k "* iS 

materials. s^^Z^ 

Signed for .eutron-bea^ : na :; s b ; o'fT ' 

naiysxs of target materials. 

Potential of at l... t about „ . „ "* to s 

Seneratin, events „„.,* P™~t.. neufon- 

o t Mon-eie^ri:::::;."" •" 4 -~ ** «- 

One explanation for the generation „, 
Produce* in the me tal lattice seen in t h T**™ 
is the possibility of reaction t e : o l har9ed 
within the lattice. As noted above hydrT ^ ""^ 
nuclei dissolved in a n . tal lattice at ch 1SOt ° PiC 
Potentials above about 0.5 eV are h ia hl 

-bile. m spite of this h Z h " ™- 

-r.ed, due to the JX^^T^' ^ ^ 
electronic wavef unctions . The ow s'h^" °' ^ 
cabined with the high concession 

species, suggests the possibility for si ' ^ 
number of close collisions ^ " ' '""^ 
" is therefore P l ausible t0 J ™ ^ ^ -lei. 
colli sions produce reactiQns between - these 

react.ons which night be expected in the 1 iticT 
contaxnxng predominantly deuteriu ra nuclei j!" 

] D + 1° - 3 T(1.01MeV, + H(3. 02 „eV) 

♦ *D - W 82 MeV> in(2 _ v 
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These reactions would account for" the generation of 
tritium ( H) and neutrons (n) in the metal. 

To measure neutron generation in a charged metal 
lattice, the neutron flux from a 1mm diameter x 10cm long 
palladium rod cathode was measured using an Harwell 
Neutron Dose Equivalent Monitor, Type 95/0949-5. The 
counting efficiency of this Bonner-sphere type instrument 
for 2.5 Mev neutrons was estimated to be about 2.4 x 10" 

. Further, the collection efficiency of the 
spectrometer for the cell geometry used is very poor. 
Nonetheless, these experiments monitored neutron 
generation levels severalfold above background at the 
monitoring electrode. 

Several basic heat generation experiments were 
performed to demonstrate that the neutron-generating 
events occurring in a charge metal lattice also involve 
the production of excess enthalpic heat, j^e. , heat in 
excess of the joule-heat equivalent energy used in 
charging the metal lattice. The experiments were based 
on the cathodic reduction of D 2 0 from liquid phase at 
near room temperature using current densities between 
about 0.8 and up to 7 0 mA/cm 2 . The deuterium atoms were 
compressed into sheet and rod samples of palladium metal 
from 0.1M LiOD in 99.5% D 2 0 + 0.5%H 2 O solutions. 
Electrode potentials were measured with respect to a Pd- 
D reference electrode charged to phase equilibrium, as 
described above. 



Applications 



A - Neutron-Sean Gencrafnr 



Figure II-5 is a schematic view of a neutron-beam 
generator 60 constructed according to the invention. The 
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generator includes a stacKed-plat-Treactor 62 which 
generates neut rons in accordance with the pr nciples , 
t e invention , and a coUimator ^ which / ^ »< 

.euterlTan"™ .t^ 10 — both 

* expected in ^ utt^r" 1 " WhiCh 

2 D + 3 T-3 He(0 _ 82MeV) +n( 17.58 M eV) (vii} 

which would yield neutrons with =,„ „ 

the 17.5 Mev range. "'^ dist ~^tion in 

The collator illustrated in Figure U- 5 is a 
d,ve CQllimator designed ^ s a 

lugh-.n.rgy or thernal n.utrons (if th. ■ » 

-actor .„ thermlijM b .,«. r ^.' "* " eUtt ° nS ">« 

« »« or .aching , lu „ lnu », aM '° 15 

« «*. A SBUtt „- ■.: *L::r u " 

housed within the collimator. 

A downstream collator section 88 is fonned Qf 
.!»!„»» or the llke and has a faoron ^ o 
P s Uppres raa rays . Interposed between r oo t 

and 88 s a shielded filter housing 92 containi 
removable filter 9,, SUC h as a bismuth B „ ._ 



o 

sections 80 
ng a 



' ' dS a bismuth monocrvstal 

filter, for filtering gamma rays f rom * h « 

ays trom the neutron beaa ^ 



The collimator and reactor may be submerged in a 
pool whose cement wall is indicated at 96. The pool acts 
as a neutron shield. 

Published references, such as "Collimators for 
Thermal Neutron Radiography" Markgraf, ed. D. Reidel Pub. 
Co., Boston MA, (1987), describe further details on the 
construction of neutron-beam collimators. The collimator 
in the apparatus is also referred to herein as collimator 
means . 

It can be appreciated from the foregoing how the 
neutron-beam generator meets various objects of the 
invention. The source of neutrons in the generator is 
simple and inexpensive, requiring, in one embodiment, 
only an electrolytic system for slow charging of a metal 
lattice with isotopic hydrogen atoms. Unlike 
conventional radio-isotope sources of neutrons, the 
source can be readily recharged without isotope handling. 
Further, health and safety problems associated with 
fissionable isotopes such as polonium or radium are 
avoided . 

Although the system has a limited neutron flux 
output when compared with a nuclear reactor or particle 
accelerator, the neutron output can be selectively 
increased, for example, by increasing the number and/or 
thickness and/or chemical potential of the metal plates 
in a reactor. Further, the energy distribution of the 
beam neutrons can be selectively varied from low-energy 
thermal neutrons (or even cold neutrons) produced by 
thermalizing the bean, according to conventional methods, 
up to about 3.5 Mev for a deuterium charged reactor and' 
17.5 Mev for a aetal lattice charged with a mixture of 
deuterium and tritium atoms. 
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B. 



Neutron R^i^r^ 



Radiography i s a technique by which a ,h,H 

of the "inside" of a ta™ <- d ° W P lctu « 

exposing the .J^ l ZTT * 
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The reactor and collator employ the general design 
features discussed in Section IIA above, where, as in 
the usual case, the neutron beam energy is in the 
thermal-neutron energy range, the neutrons can be 
thermalized within the collimator, or prior to entering 
the collimator by conventional means, such as passage 
through a polyethylene block. 

The sample chamber in the apparatus includes 
suitable support means (not shown) for supporting the 
sample or target material in a position in which the beam 
is directed onto the sample. Also included in the 
chamber is a film plate 112 on which the radiographic 
image of the sample is recorded, and a converter 114 from 
which film-sensitive particles, beta particles are 

emitted when the converter surface is struck by neutrons 
The converter is preferably placed in direct contact with 
the film and is formed of a thin gadolinium film or the 
like capable of emitting film-sensitive particles in 
response to neutron bombardment. The film and converter 
are also referred to herein collectively as recording 
neans. The reader is referred, for example, to Harms and 
Wyman, "Mathematics and Physics of Neutron Radiography" 
D. Reidel Publishing Co., Boston, Massachusetts (1986) 
for a discussion of various types of recorder means 
employed in neutron radiography. 

The apparatus may be employed in a variety of 
thermal and high-energy radiographic applications, such 
as described in "The Neutron and Its Applications" 
Schofield, ed. , The Institute of Physics, London ' 
England (1983), particularly for structural analysis of 
explosive devices, ceramic materials, electronic devices 
mechanical assemblies, and aircraft turbine blades 
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investigation of the magnetic structur^which are 
responsible for interesting magnetic properties of a 
sample, such as f erromagnetism, anti-f erromagnetism, and 
helimagnetism. 

Figure II-7 is a schematic view of an apparatus 120 
for use in neutron-beam analysis of a sample material. 
In this apparatus, neutrons produced by a neutron reactor 
122, and collimated by collimator 124 are directed onto a 

9 y chromator 12 6. The raonochromator 

crystal functions to reflect those neutrons which 'have a 
particular wavelength, and therefore energy, to produce a 
reflected output beam having a selected range of neutron 
energies. The construction of the reactor and collimator 
have been described above. The collimator is preferably 
designed to produce a narrow beam spread, e^g. , within 
about +/- 0.5 degrees. 

The monochromatized beam is directed onto a sample 
material 130, producing a scattered beam whose intensity, 
at various scattering angles, is related to the 
crystalline structure and atomic composition of the 
sample, as outlined above. The distribution of the 
scattered neutrons is measured by a rotating detector or 
detector means 13 2 designed to measure neutron beam 
intensity over a large scattering angle, as shown. The 
neutron detector is preferably a cylindrical counter 
filled with BF 3 gas, according to conventional neutron 
detector construction (Bacon, G . z. , "Neutron Physics" 
Wykeham Publications, London, (1969). 

The apparatus nay be e-ployed in a variety ct 
neutron scattering such as described in "Neutron 
Radiative Capture" Chrien, ed . , such as determining the 
atomic and molecular structure of organic and bioorganic 
molecules, and fcr investigating static and dynamic 
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collimator have been described above. -fhT neutrons 
produced by the reactor, either upstream of or within the 
collator, may be thermalized and/or monochromatic 
such as by methods indicated above. 

The gamma spectra produced in the sample measured by 
a conventional gamma detector or detector means 150, such 
as a solid state germanium detector. For slow-radiative 
neutron capture processes, the apparatus may be modified 
for detection of radioactive decay particles, such as by 
the addition of scintillation detectors for detecting 
alpha or beta particles. 

The apparatus has a wide range of analytical 
applications, including analysis of isotopic material 
museum or archaeological samples, sensitive detection'of 
environmental contaminants, detection of explosive 
materials for airport security, forensic analysis, and 
medical diagnosis. 

Although this part of the invention has been 
described with reference to particular embodiments, 
constructions, and applications, it will be apparent to 
one skilled in the art that various changes and 
modifications may be made without departing from the 
invention. m particular, it will be apparent that the 
neutron beam generator will have applications outside of 
elemental and crystallographic analysis, for example in 
medicine, for the treatment of solid tumors with high- 
energy neutron beams. 
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Successive series of measurements carried out showed 
that it was necessary to carry out many experiments on a 
substantial number of electrodes and over long periods of 
time (the median duration chosen for a measurement cycle 
was 3 months) . It was necessary therefore to adopt a low 
cost calorimeter design; some of the reasoning underlying 
the choice of the single compartment Dewar-type cell 
design, Figure III-l, is outlined herein. 

All measurements reported in this Section were 
carried out with 0.1, 0.2, 0.4 and 0.8 cm diameter 
palladium as well as 0.1 cm diameter platinum rod 
electrodes. The palladium electrodes (Johnson Matthey, 
PLC) came from three separate batches of material and a 
typical analysis is given in Table III-l. 

TABLE III-l 

Typical constitutional analysis of the Johnson- 
Matthey palladium rods used in this work. 



Element % by weight 



Ag 


0. 0001 


Al 


0. 0005 


Au 


0. 003 


B 


0. 002 


Ca 


0.003 


Cr 


0 . 0002 


CU 


0.001 


Fe 


0.001 


Mg 


<0 . 0001 


Hi 


0.0001 


Pt 


0.001 


Si 


<0.0001 
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The cell 200 was maintained in specially constructed 
water baths stirred with Techne Tempunit TU-16A 
stirrer/regulators. Two or three water baths, each 
containing up to five Dewar cells 200, have been 
maintained so that 8 to 15 cells may be run 
simultaneously. The results presented in this section 
are based on approximately 54 total experiments and 
approximately 360 cell calibrations. It was found that 
the bath temperature at depths greater than 0.5 cm below 
the surface of the water bath could be maintained to 
better than ±0.01° of the set temperature (which was in 
the vicinity of 3 03.15°K) provided the water surface was 
allowed to evaporate freely. This constant temperature 
was maintained throughout the bath volume. The level in 
each water bath was maintained constant by means of a 
continuous feed using a dosimeter pump connected to a 
second thermostatted water bath. 

The minimum current used in all the experiments 
reported here was 200 mA and it was found that the cells 
could be used at currents up to 800 mA with 0.1M LiOD as 
electrolyte. With 0.1H LiOD + 0.5M Li 2 S0 4 or 1M Li 2 S0 4 
electrolytes currents as high as 1600 mA could be used* in 
view of the lower joule heating in these solutions. 

The mixing history within the calorimeters for these 
current limits was determined using dye injection 
combined with video recording; radial mixing was found to 
be extremely rapid (tine scale < 3s) while axial mixing 
took place on an approximate 20s time scale at the lowest 
currents used. As the thermal relaxation time of the 
calorimeters was approximately 1600s, the calorimeters 
can be considered to be well stirred tanks. In view of 
the high degree of nixing and the axially uniform 
injection of heat, the maximum variation in temperature 
within the calorimeters was found to' be 0.01° except for 
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input current from the galvanostats being adjusted so 
that the final temperature rise over the sloping baseline 
was about 2°. The cell temperature, cell voltages, bath 
temperatures and, when appropriate, the heater voltages 
were monitored every 5 minutes using Keithley Model 199 
DMM multiplexers to input data to Compaq Deskpro 386 16 
MHz computers. Examples of such measurements for two 
different experiments at three different times are shown 
in Figures III-3A-C and III-4A-C. The measuring circuits 
were maintained open except during the actual sampling 
periods (voltage measurements were allowed to stabilize 
for 2 seconds before sampling; thermistor resistances 
were allowed to stabilize for 8 seconds before sampling) 
Data were displayed in real time as well as being written 
to discs. Variations from these procedures for special 
experiments are given below. 

Experiments at low and intermediate current 
densities were carried out using 10 cm long electrodes; 
for the highest current densities the electrode lengths' 
were reduced to 1.25 cm and the spacing of the anode 
winding was reduced to ensure uniform current 
distributions; such shorter electrodes were placed at the 
bottom of the Dewars so as to ensure adequate stirring. 

Experiments were carried out using D 2 0 (Cambridge 
Isotopes) of 99.9% isotopic purity. 0.1 M LiOD was 
prepared by adding Li metal (A. D . Mackay, 6 Li/ 7 Li = 1/9 j 
to D 2 0; 0.1 M LiOD + 0.5 M Li 2 S0„ and 1 M Li 2 S0 4 were 
prepared by adding dried Li 2 S0 4 (Aldrich 99.99%, 
anhydrous, 6 LI/ 7 Li = 1/11) to 0.1M LiOD and D 2 0 
respectively. The light water contents of the cells were 
monitored by NMR and never rose above 0.5%. Samples 
withdrawn for KDO and tritium analyses were made up using 
the appropriate electrolytes. A single batch of 
electrolyte was used for any given experimental series. 
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to latent heat of evaporation of 0,0, heat loss due to 
enthalpy carried off in the gas stream (for example, Dj , 
0 3 and D 2 0) , heat generated due to recombination of D, and 
0 3 (if any), and any excess heat generated in the cell. 
Further, there should be consideration of the time 
dependant temperature change in the cell due to the 
change of the contents of the cell. Prime consideration 
should also be given to careful thermostatting of the 
external bath and atmosphere temperature. Careful 
choices should also be made of instrumentation and 
temperature measuring devices, such as thermistors, 
heater components, ohm meters, volt meters, bath 
circulators, potentiostats , multiplexers and data 
processing equipment. 



Results * 



Excess Enthalpy Using Pd-Rod FlPrtmH., , r _ 0 Solut1 - nnc 

A summary of the results obtained using 0.1, 0.2 and 
0.4 cm diameter rod electrodes is given in Table III-3 
while the relevant results for other experiments are 
summarized in Table III-A6.1. 
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Table III-3 lists the times elapsed from the start 
of any particular experiment, the current density, the 
cell voltage, the enthalpy input, the excess enthalpy q 
and the excess enthalpy per unit volume. The derived 
values in the Table were obtained by both the approximate 
method of data analysis and by an exact fitting procedure 
using a "black box" design of the type briefly described 
herein; error estimates are confined to the data derived 
by the latter method. Data are given for the three 
electrolytes used and the batch numbers of the particular 
electrodes are indicated. The measurements were made, as 
far as possible, when a steady state of excess enthalpy 
generation had been reached. However, this was not 
possible for some electrodes at the highest current 
densities used because the cells were frequently driven 
to the boiling point. The values given for these cases 
apply to the times just prior to the rapid increases in 
cell temperature (see section on Enthalpy Bursts) . 
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The values of the rates of excess enthalpy 
generation listed in Table III-3 are lower limits because 
both the method of calculation and the neglect of the 
latent heat of evaporation lead to an underestimate of 
Q f . There is a further factor which leads to an 
additional underestimate of Q f : the dissolution of D in 
the electrodes is exothermic and consequently the sloping 
base line causes a decrease in the solubility with time 
and therefore an absorption of heat. This factor is 
difficult to quantify since the deuterium content of the 
lattice will not be in equilibrium at any given cell 
temperature. We have therefore neglected all factors 
which would give small positive corrections to the 
derived values of the excess enthalpies. Of the three 
corrections listed above, that due to the systematic 
underestimate of the heat output from the cell is most 
significant . 

Blanfc Experiments 

Table III-4 lists the results of a variety of blank 
experiments: measurements with Pd electrodes in light 
water, with Pt-electrodes in light and heavy water and 
measurements with 0 . 8 cm diameter Pd electrodes in heavy 
water. It can be seen that most of these experiments 
give small negative values for the excess enthalpy. 
These negative values are expected for systems giving a 
thermal balance according to the electrolytic reaction 
(i) or the corresponding reaction for light water since 
both the method of calculation and the neglect of the 
enthalpy output frcn the cell due to evaporation lead to 
an underestimate of the heat flows from the cells. 
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Figures III-5A and B are examples of the 
temperature-time and the associated potential-time plots 
m experiments which show marked increases in the heat 
outputs while Figures III-6A and B give the derived rates 
of the specific excess enthalpy release. Figures III-7A 
and B give the time dependence of the total specific 
excess enthalpies for the corresponding sections of 
experimental data. A number of important conclusions 
follow from these time dependencies: in the first place, 
the rates of excess enthalpy generation increase slowly ' 
with time; secondly, bursts in the production of excess 
enthalpy are superimposed on the slowly increasing or 
steady state enthalpy generation and these bursts occur 
at unpredictable times and are of unpredictable duration; 
following such bursts the excess enthalpy production 
returns to a baseline value which can be higher than that 
just prior to the initiation of the burst; thirdly, we 
have found that cells are frequently driven to the' 
boiling point, e.g., see Figure ln- 8 . The rate of 
enthalpy production must become extremely large under 
these conditions since the dominant mode of heat transfer 
is now the latent heat of evaporation, it is not 
possible, however, at this stage to make a quantitative 
estimate of the heat output since the cells and 
instrumentation are unsuitable to make estimates under 
these conditions. It should also be noted that, although 
the cell potential initially decreases (in common to the 
situation for the bursts) there is usually a change to an 
increase of the potential with time when cells are driven 
to the boiling point probably due to the loss of 
electrolyte in spray leaving the cells. 

The attainment of boiling may be due to a burst in 
enthalpy production or to an increase in the baseline 
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th J T StatementS about the -^racy are borne out by 
the blank experiments, Table II1-4, which show that the 

ba Incest T^' ^ th.no.1 

balances for electrolysis according to reaction (i, or 



2H,0 - 2H,0 + o. 

2 2 (iv) 



for a wide range of conditions and systems. The 
experiments on the 0.8 cm diameter Pd electrodes in D O 
are regarded as the most significant blanks. m comroon 
with numerous other investigations we have therefore also 
carried out experiments on the Pd/D system which give 
zero excess enthalpy. Excess enthalpy generation Qn 
0.8cm diameter electrodes has now been achieved by using 
a recently obtained batch of electrode material. The 
marked excess enthalpy generation for experiments such as 
those listed in Table ni-3 must be viewed in the light 
of these blank experiments. The specific excess ' enthalpy 
generation can reach rates as high as 100 watt cm' 3 ; this 
is a factor of approximately five (5) times higher than 
the highest value reported previously^ and is comparable 
to the highest value achieved in a recent investigation 
using seebeck calorimetry* 10 ' . T he values of the excess 
enthalpy listed in Table „i-3 are also broadly in line 
with the results contained in a number of other reports 
(e.g. see ) for comparable experimental conditions. 

It should be note^ t-h^+- t-K« 

Gu " hat the Present data support the 

view that the " steady-state" pnth.in, 

> ocate enthalpy generation is due 

to a process cr processes i n the bulk of ! 

ne DU1K of the electrodes 
although this stateacnt does not now seem to be as clear 
cut as that made on the basis of the results contained 
.he inventors' preliminary publication. 1 The data 
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are perhaps better defined quantities"^ this regard 
Figures III-6B, III-7B and Ili- 8B give the data for the 
largest burst observed to date and it is of interest that 
the total enthalpies in the bursts are also far above the 
values which can be attributed to any chemical reactions. 
Furthermore, for these bursts, the rates of enthalpy 
production are up to 17 times (plateau levels) and 40 
times (peak values) the total enthalpy inputs to the 
cells. As pointed out previously' 1 ' the use of energy 
efficient systems would allow the construction of 
effective heat generating systems even if the excess 
enthalpy generation were restricted to the baseline 
values of Table III-3. 
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CLAIMS: 



»• » > P p— f „ 5a „« rati ,, g energy> coBprisin5 . 

CI • l.ttlc . tructut . capable M conta . nlng 
atopic hyaroge „ c , talyIlng ^^^^ 
"action, involving MU isotopic ^ 

(k>) means for utiii7in« 

utilizing a product of said nuclear 

reactions . 



-™ - incIua „ for ^^^^ 

Wr.fd by « aid nllol „ r „ actionSi 



The apparatus „ clai „ ed ln cltlm t 

is means for 



wherein said means f or utili^n^ ■ , 

c utilizing include: 



-lU-tln, n eut „„ s (ro . „ id nncUar 

neutron beam. a 



«• ™, apparatus as c , aiMd ^ ^ ^ ^ 

« U ™a„s for utnaing inciudes ^ ■ 
latino , l0 c tricity tro „ „ ld ^^^^ 



:ions. 
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5. The apparatus as claimed in any of claims i to 4, 
wherein said lattice structure is permeable to said 
isotonic hydrogen, and said apparatus includes means for 
accumulating said isotopic hydrogen into said lattice 

structure . 



6. An apparatus for generating energy, comprising: 

(a) a lattice structure capable of accumulating 
isotopic hydrogen; and 

(b) means for accumulating said isotopic hydrogen 
to a sufficient concentration in said lattice 
structure to induce energy generation. 



7. The apparatus as claimed in any of claims 1 to 6, 
wherein said lattice structure is crystalline. 



8. The apparatus as claimed in any of claims 1 to 7, 
wherein said lattice structure is metallic. 
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9. 



™. .pp.r.tu, .. elal „ M -j— ny 
-« ei „ said lattic . sttucture >« 



tita»l m ■ "wliu., mm, i rldlu 



11 * The a PParatus as clai med 



12. The apparatus as claimed in 

•ce structure i«s • 

6 ls fe rmionic metal. 



wherexn said lattice striI ^... , . t0 




>P"= hydrogen l ayere d on a m3 , . 
having a relativ.lv lc .. . * nat ^al 

' "P^^lity of accumul ating 



isotcpic hydroqen. 



siiBimuE sum 
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14. The apparatus as claimed in any of claim 1 to 13, 
wherein said lattice structure includes radioisotopic 
atoms . 

15. The apparatus as claimed in any of claims 1 to 14, 
wherein said lattice structure includes radioisotopic 
atoms selected from the group consisting of 60 Co, 90 Sr, 
106 RU, 117 Cs, " 7 Pm f 170 Tm, 210 Po, 238 Pu, 242 Cm, or 244 Cm. 

16. The apparatus as claimed in any of claims 1 to 15, 
wherein said lattice structure includes atoms which emit 
high-energy rays or particles upon exposure to neutrons. 

17. The apparatus as claimed in any of claims 1 to 16, 
wherein said lattice structure includes boron, beryllium 
or carbon-14 ( 14 C) . 

18. The apparatus as claimed in any of claims 1 to 17, 
further comprising means fcr exciting said lattice 
structure with high-energy rays or particles. 
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19. The 



apparatus as claimed alTy of cl aias , to 18> 

en source. 



further comprising an isotopic hydrog 



20. The apparatus as claimed in any of claims ± ^ ^ 
wherein said isotopic hydrQgen ^ 



21- The apparatus as claimed in any of clai.ns l to 20 
wherein said isotopic hydrogen includes tritium 



22. Th* apparatus as claimed in any of claims „ fco ^ 
wherein said isotopic hyd rogen source is a fiuid, and 
"id apparatus further includes means for producing 
isotopic hydrogen fro, sai d source to achate in said 
lattice structure. 



23. The apparatus as claimed in ciaim 2 ^ 

^ ^ eieCt "^te, .nd said means for producing 
includes a c harge - generating ^ ^ 

deCMPOSln9 IVte into isotopic hydrogen 

accumulated into said lattice. 
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24. The apparatus as claimed in claim 23 wherein said 
lattice structure is an electrical conductor and is 
connected to said charge-generating source to be the 
cathode during said electrolytically decomposing of said 
electrolyte. 



25. The apparatus as claimed in claim 23 or 24, wherein 
said electrolyte is an aqueous solution comprising at 
least one water-miscible isotopic hydrogen solvent 
component . 



26. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is deuterated water. 



27. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is ordinary water. 



23. The apparatus as claimed in any of claims 23 to 
wherein said electrolyte includes lithium. 



29. The apparatus az claimed in claim 19, wherein said 
isotopic hydrogen source is at least one fused metal 
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Atopic hydride . n Confcact i! 
- -i- a Pparatus further ^ — « Lttic structur£ 

--topic hydrogen froffl p- ote Digration 

structure. ydride int ° the lattice 



3 °' ^^"--clai^^^. 

^ttice structure is Cla - herein the 

AS » Palladium, n i c]fpl . 
a " -Hoy thereof, and said 1Ck61 ' ir °"< cobalt, or 

sodium d e Uteride so ; o r t ce is fused 

mixtures thereof. ' taSS1UIR <^teride or 



n 



»„„ s Ior ^ l*« » or 30. „ herei 

»« ..out o„ e McroMoon(1 lat "" in 



32 • A method of reacting • 



(3) fo ^mg a lattice S f 

lce st ructure vhi,-h 
isotonic hvd- c °ntains 
• "Va^gen and ca^i 

cataly Zes nuclear- 

" 1S ° tOPiC "y-rcn. and 
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(b) using products of said nuclear reac ti 



ons, 



33. The method as claimed in claim 32, wherein said step 
of using includes directing neutrons fro, said nuclear 

reactions to a target area. 



34. The method as claimed in claim 32 or 33, wherein 
said step of using inc i udes generating electricity from 
said nuclear reactions. 



35. The method as claimed in any of claims 32 to 34, 
wherein said step of forcing includes tne step q£ 
subjecting the lattice structure to a source of the 
isotopic hydrogen to cause the isotopic hydrogen to 
permeate into the lattice structure to achieve a 
concentration therein sufficient to induce said nuclear 



reactions . 



36. A method of generating heat, comprising the steps 



of: 
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UtUc. »tn,.t.„ e c , pabu of iJjsorbin5 ijot 

hydrogen; and 



W «-!», Atopic hy d„,„ to pemeate 

Lttic. „tructu„ to achiev . , con „ ntratioii 

t "'" 1 " S " ftiCUnt '° th. 3e „ eratio „ „ 

heat. 



m said lattice to „o«. 



.id Lttics structure u iron ' 

--it. ^ rut .„i U .. rhMiUB , zitcon ; 

or an alloy thereof. 



39. The method as cl^im^ • 

claimed ln any of claims 32 to 38 

wherein said lattice qf n ,^ 

structure mcludes radioisotopic 

atoms. 
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40. The method as claimed in any of claims 32 to 39, 
wherein said lattice structure includes atoms which emit 
high-energy ray s or particles upon exposure to neutrons. 



41. The method as claimed in any of claims 32 to 40, 
further comprising the step of exciting said lattice' 
structure with high-energy rays or particles. 



42. The method as claimed in any of claims 32 to 41, 
wherein said isotonic hydrogen includes deuterium. 



43. The method as claimed in any of claims 32 to 42, 
wherein said isotopic hydrogen includes tritium. 



44. The method as claimed in any of claims 35 to 43, 
wherein said isotopic hydrogen source is an electrolyte, 
and said method further includes the step of 
electronically deccnp OS1 ng said electrolyte to form the 
isotopic hydrogen which permeates into the lattice 
structure . 
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45. The method as claimed in clain 44 , wherein ^ 
lattice structure is electrically conductive and is the 
cathode during said electronically decomposing. 



46. The method as c i aimed in claiffl 44 or ^ 

said electrolyte is an aqueous solution comprising at 

least one water-miscible isotopic hydrogen solvent 

component. 



47. The method as cl aime d in claim 46, wnerein said 
x-otopic hydrogen solvent component is deuterated water, 



48. The method as claimed in claim 46, wherein said 
isotopic hydrogen solvent component is ordinary water. 



49. The method as claimed in any of cl aims 35 to 43 
wherein said isotopic hydrogen source is at least one 
fused metal isot0 p lc nydride in contact ^ ^ 

structure, and said met hod further comprises the step of 
heating the hydr.de to promote migration of isotopic 
hydride into the lattice structure. 



SUBSTITUTE SHEET 



-89- 



50. The method as claimed in claim 49 
, wherein the step of heating includes the step of 
applying a pulse of power to heat said fused metal 
hydride to transfer said isotopic hydrogen to said 
lattice structure in less than about one microsecond. 
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